The traditional Kelvin probe is a conductive vibrating capacitorlike plate used in vacuum to measure the contact potential differ ence, which correlates to the work function difference between the probe and the sample of interest. By reducing the size of the Kelvin probe to the nanoscale and combining it with an atomic force micro scope (AFM), 1,2 the resulting SKPFM produces simultaneous maps of surface topography and relative Volta potential that correspond to microstructural heterogeneities on the material's surface. Employed under either ambient, inert, or electrolytic environments, SKPFM can spatially resolve features at the nanoscale, [3] [4] [5] and has there fore found use in a wide range of diverse applications, including semiconductor [4] [5] [6] [7] and electrical device characterization, [8] [9] [10] [11] [12] as well as corrosion studies. [13] [14] [15] [16] [17] [18] [19] [20] SKPFM produces nanoscale maps of Volta potential differ ences (VPD or ψ), which can be calculated theoretically from the difference in work function between the sample surface and the probe (which acts as a pseudo reference), as shown below in 3, [21] [22] [23] Equation 1 .
In Equation 1, ψ is Volta potential, φ is work function, and e is the elementary charge carried by an electron, while the scripts M and P re fer to the (metallic) surface and probe, respectively. Volta potential and work function are surface properties, related to each other by Equation 1 in vacuum conditions. Outside of vacuum, the redefined "modified" work function and Volta potential are measured from the interfaces of the two surfaces and the environment. This recognition of environ mental factors having an effect on Volta potential maps has been well established. 3, 19, 20, [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] Making the assumption that the interactions be tween metals M and P and the surface layers from environment are identical, then Equation 1 holds true for non-vacuum conditions. 35 Further, it is important to note that according to Equation 1 , the measured VPD is dependent on the choice of probe and its struc tural factors. Even the smallest change in the probe, such as degree of structural order (i.e., percent crystallinity), will change the ma terial's work function, and therefore change the measurable VPD. 3 Thus, quantification of the probe's work function in theory can pro vide repeatable work functions of the features observed from VPD measurements. Though the calculation of the probe's work function is simple in theory, there are many parameters that may influence the probe's work function, especially when mapping Volta potentials at the nanoscale with SKPFM. Most of these parameters are difficult to quantify, including probe wear, aging effects (e.g., oxide growth, hy droxylation, and atmospheric corrosion), reconstruction or relaxation of the probe, and contamination. As a result, comparisons of experi mental VPDs derived from SKPFM measurements have been limited to either a pseudo or semi-quantitative scale (e.g., relative nobility in corrosion studies), resulting in large variations in reported VPD values for similar features. 21, 36 As a result, alternate routes are used to reliably determine accurate work function values. The overwhelming benefit of SKPFM, however, is that it can provide spatial resolution into the nanoscale. Thus, recent efforts have been made for SKPFM to become a usable technique in highly quantitative spatial mapping of work functions. 4, 8, 21, 22, 37 Though the techniques presented in this work can be used to interpret SKPFM data in many different fields, this work is driven by the desire to further improve the value of SKPFM results in corrosion studies. The Kelvin probe was originally used to observe corrosion properties while the sample was covered with thin electrolyte layers, [38] [39] [40] [41] and was increasingly used to study metal alloys with the development of SKPFM. The technique was introduced to the corrosion community when a direct correlation between VPDs and open circuit potentials of metal/electrolyte interfaces was demonstrated. 27, 42, 43 This was accomplished by comparing Volta potentials of pure metals post-immersion in electrolytic solution to the corrosion potential of the same metal/electrolyte systems. However, the observations between SKPFM measurements and the actual corrosion mechanisms of the material is not directly correlated, as mapping freshly polished metals with the Kelvin probe does not provide direct correlation to corrosion behavior. 3 Electrolyte factors, such as pH and ion concentration, play a major role in the kinetics, which are not addressed when observing fundamental electronic properties of the material in ambient conditions. SKPFM has therefore been utilized for predicting (in ambient or inert conditions) microgalvanic couples as localized corrosion initiation sites for a variety of pristine complex metallic systems, 23,26,28- 21, 36 This lack of repeatability and an inability to connect to bulk electrochemical testing has led to contradictory conclusions when investigating the corrosion behavior in various metal alloys. 21, 22, 36, 62 For one route to address this challenge, comparison of calcu lated work function values for a particular material with the resulting VPDs measured via SKPFM can provide improved predictability of corrosion behavior. Computational chemistry calculations have pro vided experimentalists with a database of theoretical work function values for various elements. Of recent interest is the ability to in crease such a database to microconstituents within complex metal alloys. 21, 22, 63, 64 DFT-based computational simulations 65, 66 can show that the crystallographic orientation, as well as the terminating atom of the material surface, can drastically affect the work function. 21, 63 Notable shifts in relative VPDs measured via SKPFM have also been linked to metal passivation and/or adsorbed species. This has been confirmed both experimentally 67, 68 and by linking experimentation to DFT simulations. 22 Although DFT simulations can help explain some of the variations seen in measured VPDs, they have only just recently started to address systems that are not perfectly pristine. In reality, following polishing of a material, the surface is actively changing. There are a multitude of factors that can cause this activity, most of which are difficult to quantify, as well as control while doing SKPFM in ambient condi tions. Thus, standardization of the SKPFM technique has not been established. This work attempts to control one particular variable for ambient-based SKPFM by directly addressing probe choice and how that contributes to the variability and uncertainty observed in exper imentally determined VPDs. Many probe factors, as previously de scribed, will ultimately affect the measured VPD, regardless if active changes are occurring on the surface of the sample. It can thus be seen that the SKPFM probe also likely accounts for some of the variability present in VPDs reported in the literature. However, probe choice, as well as progressive usage of the probe, is commonly removed from SKPFM results by comparing microstructural heterogeneities on the surface to one another.
Recently, redesign of SKPFM probes has been undertaken to ad dress variability in VPD as it is linked to the probe. The redesign is done by applying a coating only to the back side of the probe can tilever, while the tip is left uncoated. The uncoated tip minimizes work function change from tip wear and tip shape. With this redesign, enhanced reproducibility of results has been able to address some of these uncertainties, showing consistent initial VPD results from many probes of the same type. 69 Though improvements in probe design have resulted in greater con sistency during initial probe usage, this work hopes to also address variability in the probe work function from uncontrollable structural variations of probes by utilizing an inert reference material prior to imaging a material of interest. A practice has been presented for SKPFM, wherein the pseudo reference probe is calibrated by compar ing Volta potential of the material of interest to the Volta potential of a relatively inert material (e.g., gold). 3, 42, 52, 70, 71 Expanding on this ap proach, the observed work functions of heterogeneities on the surface of metal alloys can be better quantified and ultimately compared to theoretical calculations from DFT. A remarkable agreement between resulting modified work functions of microconstituents calculated us ing different probes is seen, and thus highlights the utility of this broadly applicable method.
Experimental
SKPFM reference sample.-The inert reference sample employed for this study was a Bruker PFKPFM-SMPL (Santa Barbara, CA), which consists of an n-doped silicon wafer patterned with 50 nm thick rectangular islands of aluminum surrounded by a 50 nm thick interconnect of gold, with small sections of the underlying wafer exposed between the aluminum and gold regions (hereinafter referred to as the Al-Si-Au sample). The abrupt step-wise shifts in VPD from aluminum to silicon to gold can be used to track both inter-and intraprobe consistency, as well as determine SKPFM spatial resolution limitations arising from Volta potential averaging at boundaries by observing the slope of the measured VPD at the transitions between elements of the standard.
Both aluminum and silicon are highly reactive and form passive films when exposed to an ambient environment, thus increasing their surface work functions. 22, 67, 68 This uncertainty in the physical nature of the aluminum and silicon surfaces of the Al-Si-Au sample could contribute to notable differences between the calculated work func tions of the pure materials and the work functions measured experi mentally via SKPFM of their oxides. In contrast, gold is a relatively inert metal with expected long-term stability in oxygen-enriched en vironments (i.e., ambient conditions), 72 and thus should exhibit rea sonable agreement between theoretical calculations and experimental measurements. Additional factors such as relative humidity and ad sorption of other species will cause changes to the gold surface, which will be assumed to be minimal in ambient air over time. Therefore, work function values of gold were derived using first-principles den sity functional theory to compare with SKPFM results. X-ray diffrac tion (XRD) of the Al-Si-Au standard was accomplished using a Rigaku Miniflex 600 X-ray Diffractometer (Tokyo, Japan) to accurately spec ify the crystallographic orientation of the gold on the standard.
DFT calculations.-Initial atomic structures of gold were built in an FCC crystal structure (space group Fm3m) with lattice parameters of 4.07 Å. 73 Atomic and electronic structures were calculated using the Vienna ab initio simulation package (VASP) 74 with the projec tor augmented wave (PAW) method. 75 The Perdew-Burke Ernzerhof (PBE) 76 form of the generalized gradient approximation (GGA) 77 was used for the exchange-correlation potential to address electronelectron interactions. Plane-wave expansion of the wave function was performed with the PAW method and a cutoff energy of 450 eV. Bril louin zone integration was performed on a 9 × 9 × 1 gamma-centered mesh for all the slab structures. Periodic slabs of these structures were built large enough for convergence of the calculated work function and separated by a vacuum of 20 Å to avoid unphysical interactions with neighboring slabs (Figure 1 ). 84 The vacuum energy level (E v ) and Fermi energy level (E F ) were obtained for each structure, and the theoretical work function (ϕ) was calculated using Equation 2 below.
Work function values for gold were obtained for the (100), (110), and (111) planes to utilize in Equation 1 in quantifying the modified work function of the probe. SKPFM mapping.-SKPFM was carried out using a Bruker Di mension Icon AFM equipped with a 64 bit NanoScope V controller.
Depending upon the precise design characteristics of the probe used for imaging (i.e., spring constant, k, and natural resonance frequency, f 0 ), two different implementations of SKPFM were employed. Stiffer AFM cantilevers (k on the order of 10s of N/m) utilized single pass tapping mode frequency modulation Kelvin probe force microscopy (FM-KPFM). In this single-pass method, both sample topography and Volta potential are acquired simultaneously. To accomplish this, the probe is mechanically oscillated at or near its natural resonance frequency f 0 (typically 100s of kHz) by a dither piezo while simul taneously a much lower frequency (2 kHz) AC bias is applied to the probe. Variations in the oscillation amplitude at f 0 are used to track changes in the sample topography. Meanwhile, variations in the elec tric force gradient between the probe and surface, which is modulated at the 2 kHz AC bias frequency, produce sidebands at f 0 ± f AC , with the amplitude of the sidebands proportional to the magnitude of the tip-sample VPD. By applying a variable DC bias to null the sidebands, it becomes possible to measure the tip-sample VPD. 69 Potential inver sion is not required when the nullifying bias is applied to the sample, and thus the Volta potential of the sample relative to the probe ( ψ M P ) is directly measured. Although the signal-to-noise ratio is lower in FM than in amplitude modulation (AM) technique, it has been shown that the resolution of electric force gradient signal FM surpasses that of AM, and thus was chosen as the method of VPD collection in this work. 69, 78 One drawback of FM-KPFM is that the single pass nature is more susceptible to phase cross-talk driven by strong phase contrast. 79 A second technique, peak force frequency modulation KPFM, or FM PF-KPFM, was employed for softer AFM cantilevers (k on the order of few to tenths of N/m). As the name implies, FM PF-KPFM also utilizes frequency modulation to acquire VPD maps. 69 However, in this implementation the probe conducts a dual pass over the sample surface, wherein line-by-line topography and VPD values are sequen tially acquired. In the first pass, sample topography is scanned and recorded using Bruker's proprietary PeakForce tapping mode, which employs rapid (2 kHz) force curve acquisition with a user-defined peak force (5-20 nN in this study) as the setpoint for feedback. Upon completion of each individual trace and retrace line of topography, the probe lifts off the surface and retraces the topography at a user-defined lift height. During the second trace and retrace, VPD measurements are acquired by the frequency modulation method described above for FM TM-KPFM. The lift height has drastic effects on the VPD measurement, 69 and thus a constant lift height (i.e., tip-sample sepa ration) of 100 nm was used throughout this work. Additionally, this lift height will sufficiently avoid artifacts caused by sudden tip-sample contact arising from high aspect ratio features. SKPFM imaging was performed with three different types of probes: PFQNE-AL (Bruker, k = 0.8 N/m, f 0 = 300 kHz, 5 nm radius of curvature highly doped silicon tip with an aluminum-based conduc tive coating on the back side of a silicon nitride cantilever), SCM-PIT (Bruker, k = 2.8 N/m, f 0 = 75 kHz, 20 nm radius n-doped silicon tip with a conformal platinum/iridium coating covering the cantilever back side and tip), and 25Pt300B (Rocky Mountain Nanotechnology, k = 18 N/m, f 0 = 20 kHz, 20 nm radius solid platinum probe connected to a conductive gold bonding pad via conductive epoxy). Due to their relatively low spring constants, the PFQNE-AL and SCM-PIT probe types were well-suited to operate in FM PF-KPFM mode, while the solid platinum 25Pt300B probe operated best in the FM-KPFM mode due to its significantly higher spring constant. 69 Temperature was held in the range 68-72
• F, while relative humidity was observed between 5-20%. Variations in VPD results caused by relative humidity and temperature were not accounted for in this work.
Data evaluation.-Image processing and analysis were conducted using NanoScope Analysis V1.8 (Bruker). Threshold analysis, which analyzes the Volta potential channel's data above or below a userdefined value, was implemented as part of the "Roughness" tool in determining VPDs of the heterogeneities in the sample.
Statistical analysis of SKPFM probes was performed by imaging the Al-Si-Au sample to observe variations between probes of both differing and nominally identical composition. SKPFM data on the AlSi-Au sample were collected and sorted into equidistant VPD "bins", where a higher amount of bins provides higher resolution of data. For all acquired data, 512 bins were used to collect data from each map. The bins collected for each image were placed into populations for each probe type (PFQNE-AL, SCM-PIT, and 25Pt300B), which were each distributed into 512 bins equally dispersed between the maximum and minimum values observed in the population. The population sets for PFQNE-AL, SCM-PIT, and 25Pt300B probes were normalized for variations in data points collected per map, as well as total maps acquired with each probe type. Skewness and 95% confidence interval limits were calculated for each data set. Skewness is a descriptor of the symmetry of a distribution plot, and can quantify the shape of the distribution curves. A symmetric distribution would present a skewness of 0, whereas right and left leaning distributions result in positive and negative skewness values, respectively.
Sample preparation.-Proof of concept SKFPM was performed on a commercial 316L stainless steel coupon separated and thermally re-joined with an active brazing Cu-Ag-Ti alloy (further description of the sample is provided elsewhere). 44 The effect of polishing and sam ple preparation on VPDs has been previously observed and reported. 67 To minimize effects such as metal passivation and/or adsorbed species on the variability of acquired VPD values, the sample was prepared us ing the same steps for each map acquisition. To create a fresh, smooth surface for SKPFM, the sample was mechanically ground with pro gressively finer silicon carbide abrasive pads to US 1200 grit. Follow ing SiC grinding, the sample was polished with 1 μm and 0.05 μm alumina slurries. Following each polishing step, the sample was se quentially rinsed with DI water and non-denatured 190-proof ethanol, then dried with compressed air. Following polishing and immediately prior to SKPFM imaging, the sample was cleaned by ultrasonication in ethanol, then dried with compressed ultrahigh purity (UHP) nitrogen gas (99.999%, Norco). An electrical connection between the sample surface and the AFM stage was then established using colloidal silver paint (PELCO R ®) and verified with a digital voltmeter. The Al-Si-Au sample was mapped both prior to and following mapping of the braze sample to ensure consistency of the probe for the entirety of the imag ing session, as well as provide calculation of the work functions of the constituents seen on the braze surface.
The elemental distribution of the Cu-Ag-Ti brazed stainless steel sample was determined by a Hitachi S-3400N-II scanning elec tron microscope (SEM) equipped with energy-dispersive X-ray spec troscopy (EDS) capabilities (Oxford Instruments Energy+, Oxford Instruments, Abingdon, United Kingdom) operated at 10 keV and a 10 mm working distance. Due to the residual effects of electron 
Results and Discussion
DFT calculated work functions.-The work functions of three different possible exposed faces of pure gold were determined via DFT calculations. Table I summarizes the results, which are in agreement with those reported in the literature. [81] [82] [83] XRD results from the Al-SiAu standard showed a dominant peak of gold in the (111) orientation. From these results, 5.12 eV was used as the calculated work function of the gold on the standard.
Quantifying probe work function.-Prior to utilizing the de scribed method to quantify the work functions of the constituents present in the braze sample, an experiment was conducted to quan tify statistical differences between probe types, as well as between probes of the same design. To accomplish this, mapping of the AlSi-Au sample was done twelve times (in a successive manner so as to minimize drastic variations in temperature and relative humidity during testing) with eight different probes (three PFQNE-AL, three SCM-PIT, and two 25Pt300B), for a total of 96 SKPFM maps of the Variability between probe types.- Figure 2d presents the average VPDs (with standard deviations) obtained from all data for each of the three probe types relative to the gold standard. From Equation 1 , ψ Au the VPD between the probe and gold ( P ) measured via SKPFM is equivalent to the difference in work function between the gold surface (ϕ Au , calculated by DFT to be 5.12 eV, Table I ) and the probe (ϕ P ). ψ
Au
By multiplying the VPD, P , by a negative magnitude of electron charge and then adding the work function of gold, the modified work function of the probe can be found. For the population results for each probe type, the average modified work function of each probe type can be found (right ordinate axis in Figure 2d ).
For ambient air SKPFM, the results show that the PFQNE-AL and SCM-PIT probes exhibit relative precision for a large population of data, with lower standard deviations (246 mV and 106 mV, re spectively) combined with low skewness values of +0.18 and +0. 47 . The 25Pt300B probe also shows a relatively symmetric distribution (skewness of −0.29), but produces a much larger range of VPD values (standard deviation >700 mV, Figure 2d ). This may be due to the use of the single-pass tapping mode that the 25Pt300B probe employs, as well as the conflation caused by interactions between the surface and the entirety of the probe, which is composed entirely of platinum. Confidence intervals at 95% for each set are provided in Figure 2e , and show that the three probe types exhibit statistically significant differ ences in VPD versus gold, and therefore statistically different average probe modified work functions. The probe types exhibiting different modified work functions is as expected, given their differing material compositions. Thus, VPDs measured via SKPFM on the same alloy with these different probe types will be offset by the corresponding differences in probe work function. Figures 3d-3f . Similar statistical analyses were performed on the data for each individual probe as described above for the aggregate data for each probe type (i.e., observation of 'Probe A' in the previous section, observation of 'Probe A1', 'Probe A2', and 'Probe A3 in this section). The data from each of the eight individual probes exhibited relatively symmetric distributions, with skewness values for all distributions <|0.75|. There is one distinct probe showing either bimodal (PFQNE-AL Probe #1) or multimodal (SCM-PIT Probe #3) histograms. These probes are still useful for collecting semi-quantitative or qualitative VPD results of individual maps (e.g., relative nobility). However, if improved accuracy of work function calculations are desired, these probes lack consistent, pre dictable use. Also, confidence intervals for the PFQNE-AL and the SCM-PIT probes are not overlapping (Figures 3d-3e) . The confidence intervals for the two 25Pt300B probes do overlap ( Figure 3f) ; how ever, their standard deviations are vastly larger (Figure 3c ) than for the other two probe types. This suggests a larger range of VPDs could be measured on a given sample with the 25Pt300B probe type, and thus it is less reliable for repeatable work function calculations. In addi tion, the statistically significant differences observed between probes of the same make-up and design highlights the need for probe quan tification prior to SKPFM imaging of a material of interest to enable comparison of VPD measurements made with different probes, even of the same type. The bimodal and multimodal behavior of specific probes also suggests shifting in probe work function over time and usage, driven by other factors such as environmental changes over time (e.g., relative humidity and temperature) and structural changes of the probe as previously described. SKPFM still has validity in the corrosion field (e.g. semi-quantitative analysis, relative nobility, ef fects of environment, etc.) as proven by the number of works done by others. However, greater control of outside parameters will be needed to further the improved standardization of the technique, as well as improve the precision of work function calculations. Though many other parameters are not precisely controlled, this statistical study still shows that the constant monitoring of probe work function is required, particularly when used in ambient conditions. Relative work functions of different metallic constituents.-Once the probe's work function has been quantified by mapping the inert gold portion of the Al-Si-Au sample, the SKPFM data acquired from the sample of interest (in this case, a Cu-Ag-Ti braze sample) can be placed on an absolute scale. Elemental mapping of the Cu-Ag-Ti braze region with SEM/EDS revealed a two-phase eutectic structure of copper-rich regions embedded within a silver-rich matrix, with titanium (a wetting agent) diffusing to the braze-steel interface ( Figure  4) . 44 Thus, two distinct phases can be readily distinguished on the surface of the sample -a copper-rich phase (Cu-rich) and a silverrich phase (Ag-rich). Note that micro-segregation is still evident in this sample, meaning that each phase is rich in a certain element, but is still alloyed. This brazing material presents near-pure metals to validate to well-known elemental work function values, but exhibits enough complexity as an alloy to show expansion from pure material observations. Thus, SKPFM mapping is done within the Cu-Ag-Ti braze material to observe differences between the two phases. Figure 5 shows VPD maps acquired with the three different probe types, all of whose modified work functions were quantified using the inert gold of the Al-Si-Au sample immediately before imaging the braze sample. It is notable that the results acquired by the different probe types show differing lateral resolution, in order of superiority (least to highest) from 25Pt300B to SCM-PIT to PFQNE-AL probe type. This can be attributed to a combination of the technique used (single pass tapping mode versus dual pass PF-FM KPFM), as well as probe design and resultant resolution (i.e., contributions from both the tip and the cantilever causing a decrease in lateral resolution for the 25Pt300B and SCM-PIT relative to the PFQNE-AL, which is only coated on the back side). All images acquired on the braze alloy have pixel resolution between 24-28 nm. However, regardless of resolution, the SKPFM maps obtained with all three probe types present consistent relative nobility within the braze area, wherein the silver-rich braze matrix is noble relative to the copper-rich regions. This confirms the utility of SKPFM for assessing relative nobility of the sample's constituents. From this, a microgalvanic couple is distinguished, and atmospheric corrosion behavior can be predicted. To expand SKPFM use toward acquiring consistent modified work functions of the two phases in the sample, probe quantification relative to an inert material is needed. As shown in Figure 6a , the resulting VPD values for each phase vs. probe are notably different.
Figures 6b-6c presents the method quantifying the probe relative to gold as a reference prior to imaging the braze sample. Figure 6b presents the average VPD of gold from the Al-Si-Au sample versus each probe. Utilizing Equation 1, the resulting probe modified work function can be calculated, as shown on the right ordinate axis and the equation below Figure 6b . In Figure 6c , displayed on the left ordinate axis (as well as the equation above Figure 6c ) is the VPD of each phase relative to the VPD of gold mapped with the probes just prior to mapping the braze sample. Another way to display the results can be seen on the right ordinate axis, where each phase's absolute modified work function is calculated via the equation shown below Figure 6c . In this case, the gold from the Al-Si-Au sample is used as reference to quantify the work function of the operating probe, as previously described. Following quantification of probe work function, Equation 1 can again be used to calculate the work function of each phase present on the braze sample, where the average VPD between the specific phase and probe ( ψ M P ) is found from the potential map, and probe modified work function (ϕ P ) is found in Figure 6b . From this, the distribution of plausible results for each of the phases has been reduced from a range of >800 mV (Figure 6a) , to a range of <150 mV (or alternatively <0.15 eV in modified work functions, Figure 6c ). Since probes of the same type can also exhibit differences in their modified work function, the same process was used to analyze im ages acquired with different probes of the same type. The PFQNE-AL probe was chosen for this experiment. Figure 7 presents SKPFM images (VPD maps) captured by two different PFQNE-AL probes on different dates at different locations within the braze sample. For further comparison, a third VPD map has been presented in a previous publication 44 and is analyzed here as well. Parameters for these acquired data were similar to parameters described in this work. Figure 8a displays the VPD of each phase determined from the three separate SKPFM images. Again, although the relative nobility is con sistent, the three separate tests conducted on this material by probes of the same nominal composition result in three vastly different measured VPD values. Using the method outlined in this work, the resulting distribution for the Cu-rich and Ag-rich regions reduces the average VPD range from >700 mV (Figure 8a ) to <55 mV (or alternatively <0.055 eV, Figure 8c) , thereby demonstrating the power and utility of this method. 
Conclusions
This work proposes a methodology for presenting SKPFM VPD results by utilizing a relatively inert reference material (gold) to en able determination of the absolute modified work function of mate rials, as opposed to merely the relative difference in Volta potential between the sample and non-equilibrated, pseudo-reference probe. Implementing this simple addition to standard SKPFM practice could greatly reduce the notable variation in reported VPDs for hetero geneities seen in metallic alloys that can arise from differences in probe type/composition, variability between individual probes of a given type, and/or changes in probe work function over time. The utility of this method was demonstrated by quantifying the statistically significant differences in VPDs and work functions be tween probes of different types and among probes of the same type, as well as changes in VPD over time for a given probe. Using the Cu-Ag-Ti braze sample as an example, the spread of measured VPDs was greatly reduced regardless of probe used for the testing. With the support of DFT calculations, SKPFM can provide nanoscale spatially resolved work functions. With knowledge of the operating probe's rel ative work function, various heterogeneities seen on common metal alloys can be cataloged and compared to DFT modeled predictions. By advancing DFT efforts to more complex multicomponent systems, as well as improving the repeatability and standardization of SKPFM, a connection between theory and experimentation can start to form. By bridging the gap between these two regions of focus, an improved understanding of materials beyond single element make-up can oc cur. Additionally for corrosion studies, the improved standardization of SKPFM will enable a greater understanding of the driving force behind corrosion initiation and progression on the nanoscale.
